We describe a thermoinducible-expression system for Bacilus subtilis which utilized an early promoteroperator sequence from temperate phage 4105 and the thermolabile prophage repressor from the phage variant +105 cts23. The system operated at the transcriptional level to control expression in B. subtilis of the cat-86 gene derived from Bacilus pumilis. Details of the strategies used to isolate the early phage promoter are described. This promoter lay in close proximity to the prophage repressor gene on the +105 genome. The sequence of the early promoter differed from that of the vegetative B. subtilis consensus promoter by 1 base pair in both the -10 and -35 regions. We also present evidence that our phage-derived expression system could function in Escherichia coli to effect thermoinducible expression of the galK gene.
The expression of foreign genes in Bacillus subtilis may in some cases be lethal or detrimental to the host cell. For this reason, we sought to develop an inducible system in which the timing of gene expression could be effectively controlled. An inducible system has been described for B. subtilis (28) which involves the regulatory elements of the Escherichia coli lac operon; transcription of the gene in question is normally repressed but is induced by the addition of isopropyl ,-D-thiogalactopyranoside. Our aim was to develop a transcriptional system which could be rapidly induced by a temperature shift rather than by the addition of chemicals. Furthermore, to avoid potential problems caused by protease secretion in B. subtilis after the end of the exponential phase, we wished to use a promoter which was active during vegetative growth. Therefore, with the E. coli thermoinducible system comprising the PL and c1857 controlling elements from lambda phage as a model (2), we developed a similar system based on B. subtilis temperate phage 4105. In our system, the B. subtilis host cell contained two compatible plasmids, one encoding the prophage repressor gene from the thermoinducible mutant 4105 cts23 (1) and the other encoding the early promoter-operator sequence on which the repressor acts.
Previous work has indicated that the 4105 repressor gene lies on the 3.2-kilobase (kb) EcoRI F fragment (7) . Our problem, therefore, was to isolate a DNA fragment containing the early promoter-operator sequence. In this paper we describe the strategies used to isolate this fragment, and we show that the cat-86 gene (27) , coding for chloramphenicol acetyltransferase (CAT), is regulated by the early promoteroperator sequence and the prophage repressor in a temperature-dependent fashion. We also demonstrate that this regulation is at the level of transcription. In addition, we present the map position of the early promoter-operator on the 4105 genome, the DNA sequence of this promoter, and a determination of its relative strength.
MATERIALS AND METHODS
Media and antibiotics. Difco Sporulation Medium (Difco Laboratories, Detroit, Mich.), for the storage of B. subtilis spores, and LB medium have been described previously (24) .
MacConkey galactose plates were used for E. coli selections as described by Miller (17) . Antibiotics (Sigma Chemical Co., St. Louis, Mo.) were used in the following concentrations: for E. coli, ampicillin and kanamycin were present at 50 and 40 pLg/ml, respectively: for B. subtilis, erythromycin, chloramphenicol, and neomycin were present at 5, 10 to 50, and 10 ,ug/ml, respectively.
Bacterial strains, phage, and plasmids. Strains, phage, and plasmids are listed, with their relevant properties, in Table 1. Growth of +105, preparation of phage stocks, and isolation of lysogens. Conditions for phage growth, phage stock preparation, and lysogen isolation have been described previously (21) . To determine the immunity of a bacterial host to 4105, the clear-plaque mutant 4105 c30 was cross streaked against the bacterial host on LB or Difco Sporulation Medium plates containing the appropriate antibiotic. Known lysogens and nonlysogens were used as controls.
The absence of visible lysis was taken as an indication of lysogeny. In questionable cases, putative lysogens were assayed for the ability to produce phage spontaneously during growth in liquid medium or on plates containing sensitive indicator bacteria.
Isolation of phage and plasmid DNA. 4105 DNA was purified from phage stocks suspended in TE buffer (20 mM Tris [pH 7.5], 0.1 mM EDTA) by treatment of phage with 1% sodium dodecyl sulfate for 10 min at 50°C, followed by two phenol extractions, ethanol precipitation, suspension of DNA in TE buffer, and overnight dialysis of DNA against TE buffer.
B. subtilis plasmid DNA was prepared by the method of Gryczan et al. (9) . E. coli plasmid DNA was prepared as described previously (13) .
Transformations. Preparation and transformation of competent cells of B. subtilis was by the method of Sonenshein et al. (24) . Competent cells were always used fresh. When selecting for colonies that were resistant to chloramphenicol, cells were allowed 1.5 h for phenotypic expression before being challenged with the drug. Transformation of B. subtilis protoplasts was by the method of Chang and Cohen (5) . E. coli HB101 was transformed as previously described (6 Si nuclease digestions and promoter mapping experiments were performed by the method of Brosius et al. (3) . A sample of RNA was precipitated and suspended in TE buffer, and the concentration was determined with a Gilford spectrophotometer at 260 nm. Hybridization reactions contained excess single-stranded probe to detect the amount of specific mRNA in each preparation. Concentrations of specific mRNA could be estimated by gel electrophoresis (6% acrylamide-urea gels). The band densities of autoradiograms, with several timed exposures, were compared. Alternatively, Cerenkov counts of ethanol-precipitated and ethanol-washed S1 reactions were measured. For the latter method, background counts were determined by conducting a mock hybridization and S1 reaction with the probe, and background counts were subtracted from the test results.
The probe used to measure transcription of the neo gene was a 293-base-pair (bp) HaeIII fragment derived from the neo gene of plasmid pUB110, encoding what is believed to be the promoter region and the 5' end of the structural gene (as defined in reference 15).
For labeling probes, [32P]ATP (3,000 Ci/mmol) was obtained from Amersham Corp., Arlington Heights, Ill., or New England Nuclear Corp., Boston, Mass., and kinase was obtained from Boehringer Mannheim Biochemicals, Indianapolis, nd.
RESULTS
Isolation of plasmid p1776 encoding the +105 cts23 repressor gene. As it is known that EcoRI fragment F of the 4105 genome encodes the prophage repressor gene (7), our object was to insert fragment F from the thermoinducible variant 4105 cts23 into the Eryr plasmid pE194. pE194 lacks an EcoRI site; therefore, fragment F was cloned in two steps: (i) Fragment F from a total EcoRI digest of 4105 cts23 DNA was electroeluted from an agarose gel and inserted into the EcoRI site of Kanr E. coli plasmid pACYC177, yielding recombinant plasmid pIQF (Fig. 1A) ; (ii) pIQF was digested to completion with endonuclease BamHI and partially with PstI, and a 3.95-kb piece of DNA containing fragment F was gel purified. This fragment was then ligated into plasmid pE194 which had been cut to completion with PstI and partially with MboI (Fig. 1B) . The ligation mix was transformed into protoplasts of strain 168, and Eryr clones were B. SUBTILIS THERMOINDUCII3LE-EXPRESSION SYSTEM selected and shown to contain plasmid p1776 (which bears fragment F from 4105 cts23). This result was confirmned both by patterns of restriction digests and by the fact that cells bearing p1776 were immune to superinfection by 4105 at a low temperature (30°C) but nonimmune at 45°C (see above).
Thus, we obtained an E. coli plasmid (pIQF) and a B. subtilis plasmid (p1776) both of which contained the 4105 cts23 prophage repressor gene.
Isolation of the +105 early promoter-operator sequence. We used two strategies to identify the 4105 early promoteroperator sequence. One approach involved direct cloning into B. subtilis, and the other involved using E. coli as an intermediate host. Both approaches were successful.
(i) Direct doning into B. subtilis. For direct cloning into B. subtilis, we made use of multicopy Neor promoter-probe plasmid pPL603B (a derivative of plasmid pPL603 [27] ). Plasmids pPL603 and pPL603B contain the cat-86 gene without a promoter recognized in vegetatiye cells (19) . pPL603B contains a BamHI site in front of cat-86. Cells containing either of these plasmids are normally Chrs but become Chrr when a promoter-containing fragment is inserted upstream of cat-86. Partial and total Sau3Al digests of 4105 DNA were ligated into the BamHI site of pPL603B, and ligations were transformed into strain BR151(pUB110) by the resident plasmid recombination technique (10) . A total of 44 colonies resistant to chloramphenicol at 25 ,ug/ml were isolated; they bore recombinant plasmids with DNA inserts of various sizes.
We reasoned that strains containing multiple copies of the early promoter-operator sequence (as on a multicopy plasmid) might be unable to maintain lysogeny by 4105 because multiple copies of the promoter-operator sequence might titrate repressor protein (whose gene would be present in only a single copy). We therefore attempted to isolate lysogenic derivatives of the 44 strains described above. Six derivatives were unable to form stable lysogens. Phage plaques were present in streaks of purified lysogens of these strains, indicating a very high rate of spontaneous induction and phage sensitivity in the population.
Plasmid (Fig. 3, lane  1; Fig. 4A (Fig. 3, lane 3; Fig. 4B CAT activities of strains bearing various recombinant plasmids. As described above, we obtained two B. subtilis strains which expressed the Chrr phenotype at 45°C but not at 30°C: strain BR151, containing plasmids p603-900 and p1776, and strain 168, containing plasmids pM413-27 and p1776. The CAT activities of these and other relevant strains are presented in Table 2 . The CAT assays confirm that when a plasmid containing an early phage promoter-operator sequence and a plasmid containing the thermolabile repressor gene were present in the same cell, CAT activity was severely repressed at 30°C. However, activity was largely restored when cells were shifted to 45°C for 1 h. Table 2 also indicates that the activity of the phage promoters in pM413-27 and p603-900 was relatively weak compared with the activity of known strong promoters, such as a derivative of the tac promoter and an early SPOl promoter (M. Osburne and R. Craig, manuscript in preparation) and the promoter (derived from phage SPO2) present in plasmid pPL608 (27) .
Localization restriction map of fragment F (Fig. 6 ). Our map is in general agreement with a recently published restriction map of 4105 (4) . The hybridization data in Fig. 5B allow us to position the 700-bp promoter-operator fragment in close proximity to the 4105 repressor gene (Fig. 6) The pattern of hybridization of the 700-bp promoteroperator fragment to the 3-kb promoter fragment in plasmid pM413-27 is also shown in Fig. 5B . It is clear that the 3-kb piece of DNA is not a contiguous region of the 4105 genome but actually is composed of normally nonadjacent 4105 Sau3A1 fragments which were ligated together. The 3-kb piece apparently contains a small region derived from frag- 3 4 5 6 7 8 9 10 11 Fig. SB is altered in every case compared with that of fragment F.
Sequence of the early promoter. The DNA sequence of the promoter-operator fragment is presented in Fig. 7 . The precise size of the fragment was 676 bp. The location of the early promoter on this sequence was determined as follows. Preliminary Si nuclease transcriptional mapping studies revealed that the promoter was located upstream from the HindIlI site (data not shown), which divides the 676-bp fragment into pieces of 285 and 391 bp. Next, 285-and 391-base single-stranded probes labeled at the HindIII site with [32P]ATP were prepared, hybridized to RNA extracted from strain BR151(p603-900), and digested with Si nuclease. A fragment of DNA approximately 50 bases in length, derived from the 285-bp HindIII-EcoRI fragment, was protected from nuclease digestion (Fig. 8) . A sequencing gel of the 285-base fragment is shown in Fig. 9 , with the portion protected from Si nuclease digestion run in an adjacent lane. This allowed us to localize the promoter and to determine its sequence as TTTACA-17 bp-TACAAT -35 -10 (Fig. 7) . The sequence differs by 1 bp in the -35 region and 1 bp in the -10 region from the consensus sequence for B. subtilis vegetative promoters (see above).
The thermoinducible system is controlled at the transcriptional level. Previous work has shown that transcription of the cat-86 ge.ne in B. subtilis is affected by translational as well as transcriptional control mechanisms (18) . For this reason, it cannot be assumed that levels of CAT activity were strictly correlated to the efficiency of transcription of cat-86. In our system we expected that the neo message would be produced constitutively but that transcription of the cat-86 gene would be regulated by temperature. We therefore compared levels of mRNA initiating from the 4105 promoter, produced by cells grown at high and low temperatures. The amount of neo-specific mRNA produced at the two temperatures was the control. and RNA was extracted. RNA from the two cultures was hybridized to two different 32P-labeled single-stranded DNA probes: the 285-base fragment containing the sequence complementary to the phage promoter sequence described above and the 293-base DNA fragment complementary to the 5' end of the neo transcript (see above). DNA-RNA hybrids were then treated with Si nuclease and run on acrylamide gels.
Transcription from the early phage promoter was very temperature dependent (Fig. 10A) . In contrast, with RNA extracted from the same cultures, nearly equal amounts of the neo DNA probe were protected by neo-specific mRNA from cells grown at either temperature (Fig. 10B) , indicating that transcription of the neo gene was not temperature dependent. These results show that the temperaturedependent expression of cat-86 in strain BR151(p603-900, p1776) was effected at the transcriptional level; in the RNA preparations from cells grown at high temperature, the concentration of mRNA was at least 50 times that from cells grown at 30°C.
DISCUSSION
We described a thermoinducible-expression system which was used in B. subtilis to control transcription of a foreign gene. The system comprised two plasmids, one bearing the thermolabile prophage repressor from 4105 cts23 and the other bearing the promoter-operator sequence on which the repressor acts. When the early promoter-operator sequence was inserted in front of the cat-86 gene (from B. pumilis), expression of this gene was minimal at the nonpermissive temperature (30°C). Expression was induced at 45°C, the temperature at which lysogens of 4105 cts23 undergo spontaneous induction (M. S. Osburne, Ph.D. thesis, Tufts University, Medford, Mass., 1977). We showed, by measuring levels of mRNA produced at both temperatures, that control of the system was at the transcriptional level. We expect that our system will prove useful to control the transcription of any particular foreign gene.
While these experiments were in progress, another interesting system which makes use of transcriptional controlling elements from 4105 was described by Dhaese et al. (8) . This system is also composed of two plasmids, one encoding an early 4105 promoter-operator sequence, and the other, a derivative of plasmid pE194, encoding the wild-type prophage repressor gene. The thermoinducibility of this system depends on the natural temperature sensitivity of plasmid pE194. As several generations of growth at high temperature are required to dilute out the repressor-bearing plasmid, we believe that our system has the practical advantage that induction is rapid; approximately 50% of full expression was attained by 1 h after shifting the cells to growth at high temperature.
During the development of this system, we discovered several interesting properties of 4105. We mapped the early promoter-operator region next to the prophage repressor gene, in agreement with the results of Dhaese et al. (8) . This positioning of an early promoter in close proximity to the prophage repressor gene is similar to that seen on the genetic map of bacteriophage lambda (12, 25 The early promoter resembles a prototype B. subtilis vegetative promoter (20) 
